ABSTRACT (17) 
munologically distinct. There have been no reports comparing the antigenic relatedness of PFK isozymes between photosynthetic and nonphotosynthetic tissues from the same plant nor between different species.
PFK isozymes from castor bean developing endosperm (10) and leaf (8) have been separated by ion exchange chromatography. The kinetic properties of endosperm PFKp and PFK, have been well characterized ( 11) and preliminary results for leaf PFK have been published (7) . The present study employs antibodies raised against PFK purified from potato tuber (17) ' Supported by Natural Sciences and Engineering Research Council of Canada (NSERC).
'Abbreviations: PFK, ATP:fructose 6-phosphate l-phosphotransferase (EC 2.7.1.1 1); PFKC, cytosolic PFK; PFKp, plastid PFK; PFP, pyrophosphate:fructose 6-phosphate l-phosphotransferase (EC 2.7.1.90); ATPase, ATP phosphohydrolase (EC 3.6.1.3); FBPase, fructose 1,6-bisphosphate I-phosphohydrolase (EC 3.1.3.11); F6P, fructose 6-phosphate; PEP, phosphoenolpyruvate; 2-PGA, 2-phosphoglycerate; 3-PGA, 3-phosphoglycerate; PG, 2-phosphoglycolate; IgG, immunoglobulin G; Io.5, 50% inhibition; FPLC, fast protein liquid chromatography.
Separation of PFK Isozymes
Leaftissue (60-100 g) was homogenized for 30 s in a Waring blender in 100 mM imidazole-HCl (pH 7.5), 5 mM MgCl2, 1 mM EDTA, 20% (v/v) ethylene glycol, 0.1 mM F6P, 0.1 mM ATP, 2% (w/v) PVP, 1 mm PMSF, 14 mm f3-mercaptoethanol, and 0.02% (w/v) NaN3. The (27,000g, 20 min) , and the supernatant was applied to a column of DEAESephacel as described (10) . Cytosolic and plastid PFK isozymes from endosperm tissue (20 g) were also separated by DEAE-Sephacel chromatography (10) . The fractions containing the cytosolic isozymes from both tissues were pooled as were the chloroplast fractions from the leaf homogenate and were then brought to 15% (w/v) PEG and centrifuged at 27,000g for 20 min. The pellets were resuspended in a small volume of 80 mm KCI, 20 mm imidazole-HCl (pH 7.2), and used for immunological determinations. The chloroplast sample was further purified by AMP agarose chromatography as previously described (10).
PFKp from developing endosperm tissue was purified to apparent homogeneity from 80 g ofendosperm tissue. Plastids were isolated and DEAE-Sephacel chromatography was performed as described (10) . The pooled fractions from the ion exchange step were concentrated to about 5 mL using an Amicon PM-30 ultrafilter, and an aliquot was removed for immunoremoval determinations. Alternatively, 2.5 mL aliquots of the concentrated sample were passed through a Sephadex G-25 column ( units of triose phosphate isomerase, 1 unit of glycerol 3-phosphate dehydrogenase, and 50 mM Tes-NaOH (pH 7.4). The reaction was started by the addition of PPi. The following enzymes were assayed as described previously: ATPase (10), FBPase (10) , and hexose phosphate isomerase (22) . Protein was measured as described by Bradford (4), using bovine y-globulin for leaf PFK assays or BSA for endosperm PFK assays as a standard.
Electrophoresis
Polypeptides were separated by SDS-PAGE according to the method of Doucet and Trifaro (9) Polypeptides separated by SDS-PAGE were electroblotted onto nitrocellulose (150 V for 1 h, Bio-Rad Trans-Blot cell) as described previously (5) . The resulting blot was blocked overnight with 1% BSA in TBST (50 mm Tris-HCl [pH 7.5], 150 mm NaCl, and 0.05% Tween 20), probed with 50 uL antiserum in 10 mL TBST for 1 h, and washed thoroughly with buffer. Bound antibodies were detected by incubating the nitrocellulose with 2 ,L goat anti-rabbit IgG-alkaline phosphatase conjugate in 10 mL TBST containing 1% BSA for 1 h. The blot was washed exhaustively with 100 mm Tris-HCI, (pH 9.5), 100 mM NaCl, 2 mM MgCl2, and 0.05% Tween 20. Alkaline phosphatase activity was detected using 5-Br-4-Cl-3-indolyl phosphate and nitro blue tetrazolium (1) .
Immunoprecipitation of PFK Activity
Between 5 and 10 milliunits of PFK activity and up to 50 pug purified IgG was added to 50 mm Hepes (pH 7.5), in a total volume of 60 ,uL. The mixture was incubated at room temperature for 1 h, and the antibody antigen complex was precipitated by adding 40 pL of 100 mg/mL insoluble protein A. After 30 min, the mixture was centrifuged in an Eppendorf microfuge for 5 min and PFK activity measured in the resulting supernatant.
Determination of Native Molecular Mass Values
Relative molecular mass was determined by gel filtration FPLC on a Superose 6 column equilibrated with 80 mM KCI, 20 mm imidazole-HCl (pH 7.2). Samples (0.2 mL) were applied at 0.25 mL/min and 0.25 mL fractions were collected. Molecular mass values were obtained by comparing the elution of PFK activity with the elution volumes of the following standards: alcohol dehydrogenase, 150 kD; aldolase, 158 kD; catalase, 232 kD; ferritin, 443 kD; and thyroglobulin, 669 kD.
RESULTS AND DISCUSSION

Immunochemical Comparison of PFK Isozymes
The ability of potato PFK and Escherichia coli PFK antibodies to immunoprecipitate PFK activity from leaf and endosperm tissues was studied using purified IgG fractions.
Both leucoplast PFK and the leaf PFK which elutes at the higher conductivity (PFK-2) (7, 8) were precipitated effectively by anti-PFK46 IgG (Fig. 1) (17) . Carrot root PFK, and rabbit muscle PFK enzymes are also immunologically distinct (23) . It is known that there are large amounts of homology in the amino acid sequence between the enzymes isolated from bacteria and mammals (19) . So far, little or no structural relationship between plant and animal or bacterial PFKs has been found using immunological techniques.
Molecular Mass Determinations of Leucoplast PFK
Leucoplast PFK was purified to a final specific activity of 48 units/mg (Table I) . This is higher than the value of 22 units/mg reported earlier for leucoplast PFK (10) but is similar to the specific activity of 52 units/mg obtained for PFKp from cucumber (3). The enzyme can be kept at -80°C for several months with no loss of activity. SDS-PAGE of the enzyme at this stage of purification showed a single protein staining band at 57 kD (Fig. 2) . This 57 kD band reacted with anti-PFK46 IgG on Western blots but not with control serum, anti-PFK50 IgG, or anti-E. coli PFK IgG.
About 80% of the activity of leucoplast PFK was recovered in a single peak after gel filtration FPLC on a Superose 6 column. The native molecular mass was estimated to be 220 ± 3.2 kD (Fig. 3) . Catalase, which has an molecular mass of 220 also eluted in the same fraction. This value is the mean ± SE from three separate determinations and is higher than the 175 ± 15 kD mass reported earlier (10) which was determined using conventional gel filtration chromatography. The reason for the differences in molecular mass values is unknown. These data indicate that leucoplast PFK is a homotetramer as is the case for mammalian and bacterial PFKs. This contrasts with the multiple polypeptides associated with PFKp and PFKC activities from cucumber seed which are thought to be heterotetramers (6) . PFKC isolated from carrot root has a single subunit (60 kD) but exists in a large aggregated form with molecular mass greater than 5 million (23).
Characterization of Leaf PFK Isozymes
Chloroplast PFK, which was relatively stable as compared with leaf PFK, (Fig. 4) , was purified to 1.34 units/mg by AMP-agarose chromatography and was used for kinetic determinations. PFK, from leaf tissue was extremely unstable and lost 70% of its initial activity when stored at 4°C for 20 h. Ethylene glycol, F6P, glycerol, or MgCl2 each prevented some loss of PFKC activity, and the enzyme was most stable when both 5 mM MgCl2 and 20% (v/v) ethylene glycol were present. Attempts to further purify this isozyme were unsuccessful, and a preparation with 0.01 unit/mg was used for these experiments. Similarly, in developing endosperm, PFKp is much more stable than PFKC (10) . However, this is in contrast to cucumber PFK in which the cytosolic isozyme is the more stable form (3).
DEAE-Sephacel chromatography removed most ofthe PFP activity so that it was less than 10% of the total PFK activity in either fraction. Other enzymes that could interfere with the PFK assay, such as ATPase or FBPase, represented less than 10% of PFK activity at this stage of purification. Hexose phosphate isomerase was a contaminant of PFKp activity after ion exchange chromatography but 99% of it was removed by AMP-agarose chromatography and was insignificant in the PFKp assay.
The pH optima of leaf PFKp and PFKC are 8.0 and 8.5 to 9.0, respectively. The value for leucoplast PFK is identical with leaf PFKp. In contrast, the optimum pH for endosperm PFKC is 6.7 to 8.3 (10) which is lower than leaf PFKC.
Leaf PFKC and PFKp both exhibit hyperbolic ATP saturation kinetics at both pH 8.0 and pH 7.0, and PFKC has very similar kinetics at both pH values (Table II) . At pH 8.0, PFKp is inhibited by ATP at concentrations above 5 mm, whereas at pH 7.2 it is strongly inhibited by ATP concentrations above 0.5 mM (when the F6P concentration is 1 mM). High concentrations of F6P relieve the inhibition by high ATP. These results are similar to those found in endosperm tissue (1 1). In cucumber seeds, PFKp and PFKC are both inhibited by high concentrations of ATP (3) .
PFKC has hyperbolic F6P saturation kinetics at both pH 7.0 and pH 8.0 (Table II) , a feature that is also characteristic ofPFKY from endosperm and from seeds ofPhaseolus vulgaris (2) . In contrast, chloroplast PFK exhibits negative cooperativity with respect to its substrate F6P at pH 8 .0 (nH = 0.7) but has positive cooperativity (sigmoidal saturation kinetics) at PGA, and PEP (20 
CONCLUSION
The physical (8) , stability, immunological, and kinetic data show that the leucoplast and chloroplast forms of PFK are structurally related proteins. A comparison of PFKCs from leaf and developing endosperm tissues also reveals many similarities. However, slight but significant differences in kinetic properties between isozymes of a given cellular compartment in the two tissues examined suggests that they are not identical proteins. It is possible that these differences are the result of posttranslational or posttranscriptional modification or separate genes encoding for different proteins.
